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Descrip'bion 

Plasma surface 'tcea'bing me'thod and appara'tus 'therefor 

I 

i 

Technical Field 

5 The present: inven'bion is applied xnainly t:o various 

surface -breatsaen-bs such as those of, in -the case where ap- 
plication of a coating composition or a printing process is 
conducted on a resin such as polyethylene, polypropylene, 
or PTFE (polytetraf luoroethylene) , modifying the water- 

10 repellent property of the surface to the water-attracting 
property, washing away organics adhering to the surface of 
glass, ceramics, a metal, or a semiconductor, conducting 
disinfection or sterilization, and performing an etching 
process. More particularly, the invention relates to a 

15 plasma surface treating method of the corona discharge type 
in which a surface treatment such as modification is con- 
ducted by irradiating the surface of a workpiece with ex- 
cited species such as excited molecules , radicals , or ions 
which are generated as a result of molecular dissociation 

20 due to plasma produced by corona discharge, and also to an 
apparatus therefor . 



25 



Conventional Art 

A plasma surface treating method of the corona dis- 
charge type has an advantage that the use of an ignition 
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gas such as helium, argon, or hydrogen which Is required In 
the case of a plasma surface treating method of the glow 
discharge type can be omitted, and Improvement of the 
safety In use and reduction of the treatment cost due to a 
5 reduced gas consumption can be realized. Therefore, the 
method Is often used In surface treatments such as surface 
modification . 

In such a plasma surface treating method of the corona 
discharge type. Important factors In determining the treat- 

10 ment performance and the treatment efficiency are the 
amount, area, and uniformity of Irradiation of excited spe- 
cies Including plasma produced by corona discharge, to the 
surface of a workplece. As means for attaining these Im- 
portant factors, conventionally, a method Is employed In 

15 which, for example, a tip end portion of a discharge elec- 
trode Is formed Into a hollow pln-llke shape, an air nozzle 
Is disposed In the tip end, or a hollow Insulation holder 
Is disposed In the outer periphery of the discharge elec- 
trode, and an air ejection hole Is disposed In plural 

20 places surrounding the discharge electrode In the tip end 
face of the Insulation holder, and excited species Includ- 
ing plasma are Irradiated toward the surface of the work- 
piece by ejection of high-pressure high-speed air from the 
nozzle or the ejection holes (for example, see Japanese 

25 Patent implication Laylng-Open No. 8-81573) . 
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In ^he conveni:lonal plasma surface t^rea^tlng met:hod o£ 
the corona discharge type in which a gas such as high- 
pressure high-speed air is ejected in order to conduct ir- 
radiation by excited species as described atbove, however, 
5 the discharge electrode or the insulation holder must be 
finely worked so as to conduct the ejection of gas such as 
air, and moreover high -pressure supply equipment for air or 
another gas, such as a compressor or a blower is required. 
Therefore, the whole apparatus tends to be increased in 

10 size and cost. Although the amount and area of irradiation 
of excited species can be controlled by adjusting the pres- 
sure and angle of the gas ejection, the adjustment range is 
inevitably restricted. Particularly, it is difficult to 
averagely uniformly irradiate the whole workpiece/^ surface 

15 with excited species, in both technical and structural 
viewpoints . Since a gas such as air which does not par- 
ticipate in the surface treatment itself is ejected to- 
gether with excited species to the surface of a workpiece, 
moreover, the amount of effective excited species is small 

20 with respect to the total irradiation eunount, and excited 
species are largely lost due to splash and peripheral es- 
cape of the gas such as air, thereby causing a problem in 
that izEKprovements of the predetermined surface treatment 
performance and the treatment efficiency are limited. 

25 The invention has been conducted in view of the above- 
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mexi'bloned clrcums'tances . I-b Is an object of ^he Invention 
to provide a plasma surface treating method and also an ap- 
paratus therefor In which, without requiring ejection of a 
gas such as air, the amount and area of Irradiation of ex- 
5 cited species to a workplece surface can be Increased, 'the 
whole surface can be uniformly Irradiated, and the loss of 
effective excited species can be suppressed, whereby -the 
treatment performance and the treatment efficiency can be 
remarkably Improved. 

10 

Disclosure of the Invention 

In order to attain the object, a plasma surface treat- 
ing method of claim 1 of the Invention Is a plasma surface 
treating method In which a pulse voltage Is applied to a 

15 pair of opposing discharge electrodes to produce corona 
discharge between pointed ends of the discharge electrodes, 
and a surface of a workplece Is Irradla-ted with excl-ted 
species Including plasma produced by the corona discharge, 
thereby treating the surface, wherein 

20 a magnetic field Is formed In a vicinity of -the 

pointed ends of the pair of discharge electrodes where 
charged particles In the plasma exist, and the excited spe- 
cies Including plasma are Irradiated -toward the surface of 
the workplece by a force which acts as a pushing force on 

25 charged particles moving In the magnetic field. 
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A plasma surface ^rea'bi.ng appara'bus of claxm 5 of ^he 
Inven-tion Is a plasma surface -breaking appara'bus In which a 
pulse voltage ±s applied bo a pair of opposing discharge 
elecbrodes bo produce corona discharge bebween poinbed ends 
5 of tiie discharge elecbrodes , and a surface of a workpiece 
is irradiabed wibh excibed species including plasma pro- 
duced by bhe corona discharge, bhereby breabing bhe sur- 
face, wherein 

magnebic field forming means is disposed which forms a 

10 magnebic field in a viciniby of bhe poinbed ends of bhe 
pair of discharge elecbrodes where charged parbicles in bhe 
plasma exisb, and which can apply a pushing force on 
charged parbicles moving in bhe magnebic field, bhe pushing 
force causing bhe excibed species including plasma bo be 

15 irradiabed boward bhe surface of bhe workpiece. 

According bo bhe bhus configured invenbion, when, in 
bhe sbabe where a magnebic field is formed in bhe vicinity 
of bhe poinbed ends of bhe pair of discharge elecbrodes, a 
pulse volbage is applied bo bhe pair of discharge elec- 

20 brodes bo produce corona discharge bebween bhe poinbed ends 
of bhe elecbrodes, excibed species including plasma pro- 
duced by bhe corona discharge exisb in bhe magnebic field, 
and bhe magnebic field applies a pushing force, i.e., a 
Lorenbz force on charged parbicles in bhe plasma moving in 

25 bhe magnebic field. Because of bhe Lorenbz force, a force 
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which Is perpendicular t.o "bhe magne'blc field Is applied "bo 
the excited species Including plasma. Even when a gas such 
as high-pressure high-speed air Is not ejected^ therefore, 
excited species can be vigorously Irradiated toward the 
5 workplece surface In a substantially uniform manner over a 
wide area. Since a gas such as air which does not directly 
participate In the surface treatment Itself Is not used, 
only excited species which are effective components of the 
surface treatment are Irradiated, so that the loss of ex- 

10 cited species due to splash of the gas or the like can be 
suppressed. Therefore, the surface treatment performance 
and the treatment efficiency can be remarkably Improved. 

In the plasma surface treating method and apparatus of 
the corona discharge type, as the pulse voltage to be ap- 

15 piled to the discharge electrodes, either of a rectangular 
pulse voltage as set forth In claims 2 and 6, or a pulse 
voltage formed by plural pulsating waves obtained by half- 
wave rectifying or full -wave rectifying an alternating 
voltage as set forth In claims 3 and 7 may be used. In the 

20 case where a pulse voltage formed by pulsating waves Is 
used, particularly, a special pulse voltage generating 
power source Is not required, and a pulse voltage of a de- 
sired period and duty can be applied by using a simple 
power source device configured by a combination of an AC 

25 power source of the commercial or ultrasonic range and rec- 
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"blfylng elemen-ts such as diodes . Therefore , reduction of 
the cost of the apparatus can be realized. 

The magnetic field forming means in the plasma surface 
treating apparatus of the corona discharge t3fpe may be ei- 
5 ther of meeuis configured by a permanent magnet, a pair of 
magnetic members, and a pair of pole pieces which form a 
gap between end faces as set forth in claim 8, or that con- 
figured by an electromagnet connected to a DC power source, 
a pair of magnetic members, and a pair of pole pieces which 

10 form a gap between end faces as set forth in claim 9. In 
the case where a permanent magnet is used, the production 
cost and the power consumption can be reduced. By con- 
trast, in the case where an electromagnet is used, the pro- 
duction cost and the power consoimption are increased as 

15 compared with the case where a permanent magnet is used, 
but a Lorentz force, and therefore the irradiation power 
and irradiation diffusion range of excited species includ- 
ing plasma can be controlled easily and arbitrarily in ac- 
cordance with the surface morphology of the workpiece and 

20 the like, by adjusting the magnetic flux density in the gap 
between the end faces of the pole pieces. Therefore, the 
shape adaptability to the workpiece can be expanded, and 
the treatment performance and the treatment efficiency can 
be further improved. 

25 In the invention, it is not required to use a reactive 
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gas such as argon gas , nx-brogen gas , or carbon dioxide gas . 

Al'berna'blvely , as se't for'th In claims 4 and 10, such a re- 
active gas may be In-broduced between the pair of discharge 
electrodes at: atmospheric pressure or i:he vlclnlt^y of at- 
5 mospherlc pressure, whereby an excli:atlon gas flow Includ- 
ing plasma Is caused t:o be Irradlat^ed by a pushing force 
(Loren-tz force) received from the magne'tlc field, "thereby 
enabling the me'thod and bhe apparatus t:o be used In various 
surface treatmen-ts . 

10 

Brief Description of the Drawings 

Fig. 1 Is a partially omitted longitudinal fron't sec- 
tion view showing a first embodiment of the plasma surface 
trea-tlng apparat:us of -the Inven'tlon. 
15 Fig. 2 Is a longliiudlnal side sect:lon view- t:aken along 

the line A-A In Fig. 1. 

Fig. 3 Is a diagram of a half -wave rectifying circuit: 
which Is an example of a power source device In t:he t;reai:- 
Ing appara'tus . 

20 Fig. 4 Is a waveform chart of a pulsa'tlng voltage 

which Is rectified by 'the half -wave rectifying circuit:. 

Fig. 5 Is a diagram of a full-wave rectifying clrcul-t 
which Is another example of t:he power source device In "the 
trea'tlng apparat:us . 

25 Fig. 6 Is a waveform char^t of a pulsat:lng voltiage 
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which Is rectified by 'the full-wave rectifying circui-t. 

Fig. 7 is a part:ially omitited longi-tudinal front; sec- 
tion view showing a second eznbodimenl: of the plasxoa surface 
treating apparatus of the invention. 
5 Fig. 8 is a longitudinal side section view taken along 

the line B-B in Fig . 7 . 

Best Mode for Carrying Out the Invention 

Hereinafter, embodiments of the invention will be de- 

10 scribed with reference to the drawings. 

Fig. 1 is a partially omitted longitudinal front sec- 
tion view showing a first embodiment of the plasma surface 
treating apparatus of the invention, and Fig. 2 is a longi- 
tudinal side section view taken along the line A-A in Fig. 

15 1. The plasma surface treating apparatus of the first em- 
bodiment is configured in the following manner. A pair of 
(+) and (-) discharge electrodes 1, 1 which are produced 
from a metal material such as stainless steel into an ap- 
proximately L-like shape are clampingly fixed between elec- 

20 trode holders 2, 2 made of an insulator, in a state where 
their pointed tip end portions or pointed ends la, la are 
opposed to each other. A power source device 3 (described 
later) which, as a pulse voltage, applies a pulse voltage 
formed by plural pulsating waves obtained by half-wave rec- 

25 tifying or full-wave rectifying an alternating voltage is 
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connected "bo the pair of discharge electrodes 1, 1. When 
the pulse volt^age Is applied from the power source device 3 
to -the pair of discharge electrodes 1 , 1 , corona discharge 
Is produced bet:ween the pointed ends la, la of the elec- 
5 trodes 1 , 1 . Exclt:ed species Including plasma are produced 
by the corona discharge . 

As the power source device 3, el-ther of devices con- 
figured In -the following manners Is used. As clearly shown 
In Fig. 3f for example, only a positive voltage of an al- 
io ternatlng current Is taken out by a half -wave rectifying 
circuit using: an AC power source 10 of 50 Hz to 100 KHz; a 
step-up transformer 11 ; and one rectifying diode Dl , so 
that, as shown In Fig. 4, the alternating current Is con- 
verted to DC pulsating waves having a peak value Vp of 5 to 
15 15 kv, and a positive pulse voltage In which, when the sum 
of the ON times and the OFF times of the plural converted 
pulsating waves Is set as one period T, the pulse frequency 
(1/T) Is 10 to 200 Hz and the pulse duty Is 10 to 100% Is 
generated. Alternatively, as shown In Fig. 5, not only a 
2 0 positive voltage of an alternating current, but also a 
negative voltage which Is Inverted to the direction of the 
positive voltage and then added Is taken out by a bridge 
full-wave rectifying circuit using as shown In Fig. 5: an 
AC power source 10 of 50 Hz to 100 KHz; a step-up trans- 
25 former 11; and four rectifying diodes Dl to D4, so that, as 
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shown in Fig. 6, 'the al'terna'ting current is conver'bed "bo DC 
pulsa-bing waves having a peak value of 5 i:o 15 KV, and a 
posi1:ive pulse vol-bage in which, when -the sum of 'the ON 
-times and the OFF -times of -the plural converted puis acting 
5 waves is se-t as one period "the pulse frequency is 10 -to 
200 Hz and -the pulse dut:y is 10 to 100% is generated. Al- 
though a positive pulse voltage is used in the above, it is 
a matter of course that a negative pulse voltage can be 
used. 

10 Magnetic field forming means for forming a magnetic 

field along a horizontal plane where charged particles in 
plasma produced by coronal discharge exist is disposed in a 
position nearest to the pointed ends la, 1^ of the pair of 
discharge electrodes 1 , 1 . The magnetic field forming 

15 means is configured by: a permanent magnet 4 which is 
placed above basal end portions of the discharge electrodes 
1, 1; a pair of soft magnetic members 5, 5 which are made 
of pure iron or the like, which are connected to the N and 
S poles of the permanent magnet 4, and which elongate to 

20 the vicinities of the pointed ends la, la of the pair of 
discharge electrodes 1 , 1 ; and a pair of pole pieces 6 , 6 
which are made of pure iron or the like, which are continu- 
ously integrated with tip ends of the soft magnetic members 
5 , 5 , and which form a magnetic field forming gap 7 between 

25 end faces 6a, 6a that are opposed to each other across the 
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poin'ted ends la, la of "the pair o£ discharge elect:rodes 1, 
1 . In accordance wx'th movemen-t of charged part:±cles of 
plasma In the magne'bic field which is formed in "the gap 7 
be-bween -the end faces 6a, 6a of the pole pieces 6, 6 in -the 
5 magnetic field forming means, a pushing force, i.e., a liOr- 
entz force acts on the charged particles, and excited spe- 
cies including plasma are irradiated toward the surface Wf 
of a workpiece W as indicated by the arrow X in Figs . 1 and 
2. 

10 When the charge of a particle is Q, the velocity is v, 

and the magnetic flux density in the gap between the end 
faces of the pole pieces is B, the Lorentz force F is ex- 
pressed by: 

F = Qv X B. 

15 The Lorentz force acts perpendicularly on the velocity vec- 
tor of charged particles, so that excited species including 
plasma are pushed and irradiated in the direction of the 
arrow X. 

The pair of soft magnetic members 5, 5, and the elec- 
2 0 trode holders 2 , 2 are fixed and coupled to each other via 
insulation spacers 8 , 8 , whereby the magnetic field forming 
means and the pair of discharge electrodes 1 , 1 are inte- 
grated with each other. Insulative protection covers 9, 9 
such as ceramics are fitted onto the pole pieces 6, 6. 
25 In the thus configured plasma surface treating appara- 
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tus of t:he corona discharge "type of t:he fxrs't eznbodlmexi't , a 
magnelilc field configured by an effective xoagnetlc flux and 
a leakage magnetic flux Is formed In the gap 7 between the 
end faces 6a, 6a of the pole pieces 6, 6 which are con- 
5 nected to the N and S poles of the permanen-t magnet 4 via 
the soft magne-tlc members 5, 5. In this state, the power 
source device 3 using the above-mentioned half -wave recti- 
fying circuit or full -wave rectifying circuit applies a 
positive or negative pulse voltage of a frequency of 10 to 

10 200 Hz to the pair of discharge electrodes 1, 1, to produce 
corona discharge between the pointed ends la, la of the 
electrodes 1, 1. As a result, excited species Including 
plasma produced by the corona discharge exist In the mag- 
netic field. A force In the direction of the arrow X which 

15 Is perpendicular to the magnetic field Is applied to the 
excited species Including plasma by the above-mentioned 
Lorentz force F that Is received from the magnet;lc field by 
charged particles In the plasma moving In the magnetic 
field. As a result:, even when a gas such as high -pressure 

20 high-speed air Is not ejected, excited species Including 
plasma can be vigorously Irradiated toward the surface Wf 
of the workplece W In a substantially uniform manner over a 
wide area. 

Moreover, It Is not required to use a gas such as air 
25 which does not directly participate In the surface treat- 
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ment: itself, and only excl'bed species which are effective 
coiCKponen'bs of the surface treatment are Irradiated to the 
surface Wf of the workplece W. Therefore, the loss such as 
peripheral escape of "the excl'ted species due to , for exam- 
5 pie, splash of -the ejection gas such as high-pressure high- 
speed air can be suppressed, and the predetermined surface 
treatment performance and the -treatment: efficiency can be 
remarkably Improved. "When the pole pieces 6, 6 are re- 
placed with -those of various shapes, the ejection pattern 

10 of excited species can be freely changed, and -the embodi- 
ment can be effectively used also In a two-ddLmenslonal or 
three-dimensional surface treatment . 

In the first embodiment, a positive or negative pulse 
voltage formed by plural pulsating waves obtained by half- 

15 wave rectifying or full-wave rectifying an al-ternatlng 
voltage Is used In the pair of discharge electrodes 1 , 1 . 
Therefore, a special pulse voltage generating power source 
such as a mult:l vibrator, a Schmidt trigger clrcul-t, or a 
blocking oscllla-tor Is no-t required, and a pulse vol-tage of 

20 a desired period and duty can be applied by using a simple 
power source device configured by a combination of a com- 
mercial AC power source or an ultrasonic power source and 
rectifying elemen-ts such as diodes . Moreover , -the perma- 
nent magnet 4 which can be produced at a low cost, and 

25 which does not consume an electric power Is used as the 
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magne-blc field forming means. As a result:, Uie xn'broduc- 
tion cost: and sninnxng cos'b of "the whole appara'bus can be 
reduced . 

Fig. 7 Is a par-blally oml'b'bed longlt:udlnal fron't sec- 
5 1:lon view showing a second embodiment: of t:he plasma surface 
-breatilng apparat:us of t:he Inven-tlon, and Fig. 8 Is a longl- 
t:udlnal side section view t:aken along "the line B-B In Fig. 
7 . In the plasma surface treating apparat:us of t:he second 
embodlmen-t , In place of 'the permanent magnet: 4 In t:he first: 

10 embodiment: const:lt:ut:lng 'the magne'tlc field forming means, 
an elect:romagnet 15 Is used In which, for example, a coll 
13 Is wound around a core 12 made of pure Iron or -the like, 
and the coll 13 Is connect:ed t:o a DC power source 14. The 
other conf lgurat:lon Is ldent:lcal wl-th that of "the flrs't em- 

15 bodlment. Therefore, corresponding members and portions 
are denot:ed by t:he same reference niimerals, and their de- 
railed description Is oml'tt:ed. 

Also In t:he plasma surface 'trea'tlng apparatus of 'the 
second embodiment. In t:he same manner as t:he first: embodl- 

20 ment, charged par^tlcles In plasma produced due t:o corona 
discharge exist In 'the magnetic field, and a force In "the 
direction of t:he arrow X which Is perpendicular t:o -the mag- 
netic field Is applied t:o the excited species Including 
plasma by the Loren'tz force F received from the magnetic 

25 field. As a result:, even when a gas such as high -pressure 
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high-speed air Is not: ejected, exc±t:ed species including 
plasma can be vigorously irradiated toward the surface Wf 
of the workpiece W in a substantially uniform manner over a 
wide area. Moreover, only excited species which are effec- 
5 tive components of the surface treatment are irradiated to 
the surface Wf of the workpiece W, and the loss such as pe- 
ripheral escape of the excited species due to, for example, 
splash of the ejection gas such as high-pressure high-speed 
air can be suppressed, so that the predetermined surface 

10 treatment performance and the treatment efficiency can be 
remarkably improved. Furthermore, the magnetic flux den- 
sity in the gap 7 between the end faces of the pole pieces 
6, 6 can be controlled in a wide range by adjusting the en- 
ergization current supplied to the coil 13 . According to 

15 the configuration, the Lorentz force F, and therefore the 
irradiation power and irradiation diffusion range of the 
excited species including plasma can be controlled easily 
and arbitrarily in accordance with the surface morphology 
of the workpiece W and the like, the shape adaptability to 

20 the workpiece W can be expanded, and the treatment perform- 
ance and the treatment efficiency can be further improved. 

In the above, the first and second embodiments in 
which a reactive gas such as argon gas, nitrogen gas, or 
carbon dioxide gas is not used have been described. Alter- 

25 natively, such a reactive gas may be introduced between the 



- 17 - 

pair of discharge electrodes at: atmospheric pressure or the 
vlclnl'ty of atmospheric pressure, and an excl-ta-tlon gas 
flow Including plasma may be caused 'to be Irradla-ted toward 
the surface of a workplece by a Lorentz force received from 
5 the magnetic field. In the alternative, the adaptability 
to a surface treatment can be expanded. 

As described above, according to the Invention, ex- 
cited species Including plasma produced by corona discharge 
can be Irradiated toward the workplece surface by a Lorentz 

10 force acting on charged particles In the plasma. There- 
fore, the use of a gas such as high-pressure high-speed air 
which Is conventionally used for Irradiation of excited 
species can be omitted, and It Is not required to finely 
work the discharge electrodes and the Insulation holders, 

15 and also to Install high -pressure supply equipment for a 
gas, such as a compressor or a blower, so that miniaturiza- 
tion and cost reduction of the whole apparatus can be real- 
ized. Moreover, the amount and area of Irradiation of ex- 
cited species to the workplece surface can be easily In- 

20 creased, the excited species can be uniformly Irradiated to 
the whole workplece surface, and the loss of the effective 
excited species due to peripheral splash and the like can 
be suppressed. Therefore, the Invention attains an effect 
that the surface treatment performance and the treatment 

25 efficiency can be remarked^ly Improved. 
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Partilcular ly , a pulse vol'bage formed by plural pulsa'b- 
Ing waves obtained by half-wave rectifying or full-wave 
rectifying an alternating voltage Is used as the pulse 
voltage to be applied to the discharge electrodes . Even 
5 when a special pulse voltage generating power source Is not 
used, therefore, a pulse voltage of a desired period and 
duty can be applied by using a simple power source device 
configured by a combination of an AC power source of the 
commercial or ultrasonic range and rectifying elements such 

10 as diodes. Consequently, further reduction of the cost of 
the apparatus can be realized. 

When means configured by an electromagnet connected to 
a DC power source , a pair of magnetic members , and a pair 
of pole pieces Is used as the magnetic field f oxialng means , 

15 the liOrentz force can be controlled by adjusting the mag- 
netic flux density In the gap between the end faces of the 
pole pieces, and the Irradiation power and Irradiation dif- 
fusion range of excited species Including plasma can be 
controlled easily and arbitrarily in accordance with the 

20 surface morphology of the workpiece and the like. There- 
fore, the shape adaptability to the workpiece can be ex- 
panded, and the treatment performance and the treatment ef- 
ficiency can be further ixoproved. 



